This article studies accurate and detailed hydro turbine and governor models, and implements these models in Power System Analysis Toolbox (PSAT)-a free and open source software. The implementation of these models in PSAT is described in detail. To evaluate the performances of the developed hydro turbine and governor models, simulation studies are carried out on test systems of different scales, from a single-machine infinite-bus (SMIB) system to a larger system which includes 20 generators. Further more, transient stability analysis and small signal stability analysis are carried out to assess the performance of the implemented models.
Introduction
Hydro-power in Sweden accounts for one half net production of electrical power generation [1] . Furthermore, as one of the most important renewable energy sources, the exploitation of hydro-power naturally attracts more and more attention worldwide. In hydro power production systems, the functions of hydro turbine and governors cannot be neglected because they participate in primary frequency control of power systems. To highlight this fact, Fig.1 shows the relationship of a generator's turbine and governor (indicated by the dashed block) with the overall power system. Different power sources determine the physical features and categories of hydro turbine and governors, thus each type requires its unique modeling. For example, time delays in hydro turbine and governor models are due to transient droop compensation, pilot valves and gate servomotors. Additionally, the effect of water inertia in hydro turbines significantly influences the governor's requirements and must be compensated by a rate feedback, which must be 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In view of the description above, the contributions of this paper can be summarized as follows:
• To develop four detailed hydro turbine and governor models which can represent the behaviors of hydro turbine and governor precisely, e.g. water hammer effect.
• To exhibit a systemic, clear and general approach for implementing new components in PSAT-a free and open source software.
• To illustrate a detailed description for how to implement new hydro turbine and governor models in PSAT.
• To perform different system stability analysis approaches and their application in PSAT, e.g. transient stability analysis and small signal stability analysis.
The remainder of this paper is organized as follows. Section 2 describes how to develop models for hydro turbine and hydro governor, respectively, and presents an example model with its structure and realization description. In Section 3, a general approach for implementing components in PSAT is described, as an example, this approach is illustrated with the implementation of a hydro turbine and governor model in PSAT. Next, Section 4 shows simulation results and discusses the performance of the implemented models in the SMIB system as reflected by transient stability analysis and small signal stability analysis. Implementation of turbine and governor models in a large power system is carried out in Section 5. Conclusions are drawn in Section 6 highlighting the contributions reported in this paper.
Hydro Turbine and Governor Modeling
In this section the hydro turbine and hydro governor models which are implemented in PSAT are throughly described and their realization diagrams are derived.
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Hydro Turbine Modeling
As shown in the hydro turbine schematic diagram in Fig. 2 , at steady state the net force on the water in the penstock is equal to the rate of momentum change of the water according to Newton's Second Law [3] :
where ρ the mass density of water, L the length of penstock, and Q the volumetric flow rate.
The net force on the water in the penstock can be obtained by considering the pressure head [3] :
where H s , H l and H are static head, head loss, and head at turbine gate, respectively. Combining the equations (1) and (2), the rate of change of the volumetric flow rate can be described as:
Common bases (h base and q base ) are used to normalize the above equation, resulting in
where T w = Lq base Agh base is the water starting time or water time constant. T w defines the time period it takes for water at the head h base to obtain the flow rate of q base . h l is proportional to the flow rate square and penstock friction factor, as described by h l = k f q 2 . The pressure head across the turbine is related to the flowrate as h = q 2 G 2 , where G describes the gate position from 0 (closed) to 1 (fully open) [3] .
The mechanical power developed by the hydro turbine is proportional to pressure head and flow rate. As there is no-load flow q nl , it should be subtracted from the actual flow rate. If damping effects are also taken into account [3] ,
where A t accounts for the difference in per units for both sides of the equation, as follows 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 opening increment g, the rotational speed increment n, and the head increment h. The following linearized equations are valid to represent the turbine for small perturbations around a steady state condition [2] .
where
When the rotational speed deviation is small (n ≈ 0), the turbine transfer function which relates mechanical power increment in attaining gate position increment is
Hydro Governor Modeling
A simplified schematic of a mechanical hydraulic governor is shown in Fig.4 . In steady state, the rotor speed ω is compared to the reference speed ω re f , and is modified by the permanent droop compensation σ∆G. When the gate position is changing, a transient droop compensation is developed to oppose fast changes in the gate position. These signals are transmitted from mechanical motion to the operation of the pilot valve through the floating levers system [8] .
According to the schematic, the derived transfer function of the pilot valve a and pilot servo b is 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The transfer function between the disturbing valve b and gate position change ∆G is
Combining (9) and (10) yields in
T g is equal to the time in seconds for a 1 p.u. change in frequency to produce a 1 p.u. change in gate position. Assuming the flow of dashpot fluid through the needle valve is proportional to the dashpot pressure, the compensating dashpot transfer function is c ∆G = δT r s 1 + T r s (12) Through the action of the system's floating levers, the pilot valve input signal a is determined by the reference speed ω re f , rotor speed ω, permanent droop σ∆G, and temporary droop signal c:
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Hydro Turbine and Governor Models
The hydro turbine and its governor are normally combined together for representation. However sometimes the output of turbine governor is the derivative of gate position, which does not match the input of the turbine. Therefore, a desired gate position reference is applied to add to the gate position derivative.
The report [9] presents four developed hydro turbine and governor models. Since PAST already has two turbine and governor models, Model 1 (thermal turbine and governor model) and Model 2 (simiplied turbine and governor model), the new implemented models will be ordered sequentially afterwards. As shown in Table 1 , the first new model, namely, Model 3, consists the typical hydro turbine and governor model. Model 4 contains a simple PI controller in front of Model 3 [10] . A nonlinear turbine model [10] , [11] is used in Model 5 [12] , and the nonlinear hydro turbine and governor model which is available in SPS [13] as HTG [14] and implemented in PSAT is called Model 6. As space is limited, only Model 3 is used as an example in this paper. Detailed structure and model realization for software implementation is described below. Normally, a general device model can be described by a set of differential and algebraic equations (DAEs) of the
where the sub-index i indicates specific device internal variables and the sub-index e indicates external variables from other devices; f are the differential equations, g are the algebraic equations, x are the state variables, y are the algebraic variables, p are device parameters assigned in the data file, and u are controllable variables (such as reference signals in control loops) [15] .
For the turbine and governor model 14 can be simplified: and output signals) and output variables (e.g. mechanical power); and u are controllable and/or specified signals (e.g. speed references) [15] .
Model 3-Typical hydro turbine and governor
The structural diagram of Model 3 is shown in Fig.6 . It consists of a typical hydro turbine governor model and a linearized hydro turbine model. The output of turbine governor is the gate position derivative (∆G), while the input of the turbine is the gate position (G). Consequently, a position reference G re f , which is regarded as equal to P re f , is required between them. To implement models in computer software and perform simulations, a set of state variables from a set of firstorder coupled differential equations is necessary. However, it is difficult to map the state variables in the structural diagram shown in Fig.6 . The solution is redrawing the models by using only integrators and gain blocks. In this way, along the signal flow each state variable is located behind each integrator, while the derivative of state variables labeling in front of each, as shown in Fig.7 . The number of state variables is equal to the total number of integrators in a system. This is an specific realization of the mathematical model described by the block diagram in Fig.6 From the block diagram realization in Fig.7 , it is now possible to derive a set of differential and algebraic equations which can be utilized for implementing the model in PSAT and to calculate the integrators' initial values. The derived
When the system is in steady state, ω = ω re f , the rate of the gate movement v = 0, and the gate is fixed as ∆G = 0.
The initial values for Model 3 can be obtained by setting the derivatives of the differential equations to zero, as follows
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Implementation in Free and Open Source Software
PSAT is an open source Matlab and GNU/Octave-based software package for analysis and design of electrical power systems [5] , [15] , [17] , [18] . It is a very flexible and modular tool for power flow (PF), continuation power flow (CPF), optimal power flow (OPF), small signal stability analysis (SSSA) and time domain simulation (TDS). In addition, a variety of static and dynamic models are provided. Both graphic user interface (GUI) and command line execution can be utilized for calculations and simulations. Since Matlab is a proprietary software, PSAT can also run on the latest GNU/Octave [19] release to realize its full free software potential. The greatest advantage of PSAT is that it is free and open source, allowing the user to thoroughly know about components' inside structures and power flow calculations, and even to develop their own models.
PSAT is written by using classes and object-oriented programming techniques. Each device is defined by a class with attributes and methods [15] . The advantages of using classes include: easing the maintenance of the code, facilitating modularity and reusing well assessed code. Moreover, class modularity allows one to quickly master the code. Normally, each type device in power system corresponds to one class, and all classes PSAT are documented in the PSAT manual [15] .
A General Approach for Implementing Models in PSAT
To implement a newly developed model in PSAT, firstly, the following common properties regarding the model, (such as the values of parameters, maximum amount of parameters) have to be determined [15] .
1. con: device data in the form of a matrix. Each row defines a new instance of the device, while each column defines a parameter. The content of the matrix con varies with each device.
2. format: a string containing the format of each row of the con matrix. Used for printing PSAT data to files.
3. n: total number of devices. This is also the amount of rows in con matrix. 4 . ncol: maximum number of columns of the matrix con.
5. store: data backup. This is a copy of the con matrix. This attribute can be used for automatically modifying some input data and can be useful for command line usage.
6. u: vector containing the status of the devices. 1 means on-line, 0 means off-line. Some devices can lack this attribute (i.e. buses). Then, for the model implementation, some common and particular methods are utilized to describe each model.
As shown below, the common methods include Jacobian matrix computation, initialization determination, differential equations implementation and so on [15] .
1. add: adds one or more instances of the device.
2. base: converts device parameters to system power and voltage bases.
3. block: defines special operations of the device mask (used only for Simulink models).
4. display: prints the class properties in a structure-like format.
5. dynidx: assigns indexes to the state variables of the device.
6. fcall: computes differential equations f of the device.
7.
Fxcall: computes Jacobian matrices f x , f y and g x of the device.
8. gcall: computes algebraic equations g of the device.
9. getxy: returns indexes of state and algebraic variables of the device.
10.
Gycall: computes the Jacobian matrix g y of the device.
11. init: cleans up all device properties.
12. mask: coordinates of the black mask (used in Simulink models and for drawing system).
13. remove: removes one or more instances of the device.
14. restore: restores device properties as given in the original data file. Extract properties e.g. con, format, n, ncol, etc.
Choose methods for implementation including common ones and particular ones 
Hydro Turbine and Governor Models Implementation
This section presents a hydro turbine and governor implementation example with Model 3. The parameters arranged in "Tg.con" for Model 3 are illustrated in Table 2 . To add new turbine and governor models in the TGclass, the following files need to be modified. Some of these files are particularly necessary only for turbine and governors, rather than common devices : 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 synchronous machine power rating. During initialization, the droop (or gain) is converted to the system power base in order to keep the same base with other variables in whole system, like electric and mechanical power.
It is quite easy to see why this conversion is necessary when considering two machines, called A and B. S A = 1 MVA and S B = 100 MVA are the power rates of machine A and B, respectively. When assuming the droops are R A = R B on system base, the two machines will vary their power production by the same amount following a frequency variation. Clearly, this is not what is requited. What is needed is that, for example, machine B provides 100 times the power variation provided by machine A. Hence, the droop of the two machines, must be R A = R B on the machine base, and R A = 100 R B on the system base. Equation (16) shows the droop and gain
The gain (droop) is defined as (the inverse of) the limit for s ⇒ 0 of F(s), where F(s) is the transfer function of hydro turbine governor. In this case, the first mission is to calculate the transfer function and determine the gain (or droop). The transfer function of Model 3 is given by
Parameter σ is the droop of F 3 (s) when s ⇒ 0, which is defined as the 11th parameter in "Tg.con" as shown in Table 2 . The following code transfers it from machine base to system base according to (16) .
>> p.con(i,11) = p.con(i,11).*Settings.mva./getvar(Syn,p.syn(i),'mva');
The gate position limits and rate limits also need to be converted into system base because the whole loop of the governor will operate on the system base when performing a simulation.
block:
This file defines the prompt strings in parameter box for turbine and governor models' graphic mask in Simulink environment. All parameters in "Tg.con" have to be defined here. The following is an example for The block.m file in the TGclass programs the parameter boxes for turbine and governor models' graphic mask in Simulink environment. While fm lib designs more general settings for the whole simulation library, which also contains some turbine and governor models specifications. This fm lib file does not belong to TGclass, but acts as an independent file in the PSAT package. Within this file it is possible to find the "Tg" block definition region.
As the amount of models changes, relevant variables from "MaskStyleString" until "MaskVariables" need to be modified. More strings should be added in "MaskPromptString" to make sure that the maximum parameters amount is the same with that in block.m. These strings are only default, and await for specific strings set in the block.m file to cover them. "ModelHelp" is used to give a simple description of the model. related to turbine and governor models.
Model 3 :
The Jacobian matrix is populated primarily with zeros, which coincidences with sparse matrices. Sparse data is by nature easily compressed, and this compression almost always results in significantly less computer data storage usage. PSAT uses sparse matrices for creating the Jacobians, and therefore the Jacobian elements for new devices need to be implemented using sparsity. For example, the following code >>sparse(tg1, p.dat3 (:, 17), u3.*p.dat3 (:, 5), DAE.n, DAE.n); determines the partial derivative ofẋ g1 with respect to state variables ω. The Jacobian matrix f x is represented as DAE.Fx, whose size is DAE.n*DAE.n. The value in the x g1 row, ω column is u3.*p.dat3 (:, 5), which is the partial derivative ofẋ g1 with respect to state variables ω according to the DAEs of Model 3. 6. init: Initialization properties of newly developed models are added.
7. P mec : Mechanical power equations for newly developed models are added.
remove:
Remove one or more instances of the newly developed models.
9. setx0: The tg.dat defines index of parameters in each model. In the index, all parameters that will be implemented in the model equations are arranged with fixed positions so that they can be called. Moreover, the initial values of the state variables and function f are set here.
>>DAE.x(a.dat3(:,1)) = 0;...
>>DAE.x(a.dat3(:,4)) = a.u(a.ty3).*a.dat3(:,12).*a.dat3(:,6);
>>DAE.f(a.dat3(:,1)) = 0;...
>>DAE.f(a.dat3(:,4)) = 0;
10. subsasgn: Assign turbine and governor properties for the newly developed models.
11. subsref : Return turbine and governor properties for the newly developed models.
12.
TGclass: Add the newly developed models in the TGclass constructor. In addition, change ncol to be equal to maximum amount of columns in the matrix con and modify the corresponding format.
Simulation and Performance for the Implemented Models in SMIB system
The single-machine infinite-bus (SMIB) systems, as the name suggests, includes only one generator. It is possible the simplest power system, consequently, is widely used for preliminary evaluation of the implemented models. Here is a fragment of the power flow execution file for Model 3. The command "power loadflow" computes the power flow, this is normally realized in the power flow GUI, but not for the case with new models. The command "set param" can be used to set the values of power reference and initial values of four integrators. As long as parameters have valid names in the system, they can be set to desired values by the user. Even though a power flow execution file is used to initialize integrators in the hydro turbine and governor models, the oscillations seen at the beginning of >> %Run simulation.
>>sim('SMIB test type3');
Transient Stability Analysis
Transient (or large disturbance) stability is the ability of the power system to maintain synchronism when subjected to a severe transient disturbance, such as a fault on transmission line or a load change [4] . In this section we examine the performance of the newly implemented models when used for transient stability simulations.
Response to a Fault
A three-phase fault is applied at Bus 3 at t=20 s and removed at t=20. 
Response to a Load Change
Next, the system response is evaluated for a load change by connecting a load with 0.5 p.u. active power and 0 reactive power on Bus 3 and implementing a 20% increment load change at t=2 s. This simulation is only done in PSAT.
Analysis of Results
The time-domain simulations show the models' performances when subject to a large disturbance. For the responses to a fault, comparing SMIB system transient response in PSAT and SPS, clearly, they are not as close as expected. All parameters and structures for each hydro turbine and governor model in these two software are exactly same, but the settings for other devices, such as transformers, lines, loads, are really hard to get totally coherent. This underlines that the differences are in part due to model exchange barriers between two software. Another phenomenon (a) SMIB system response to a fault in PSAT (a) SMIB system response to a load change in PSAT 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In the responses to a fault, Model 2 behaves with outstanding stability, which derives from its simple and robust structure. However, this model is not suitable for representing the behavior of hydro turbine and governors, which is indicated in the response to a load change. When the load in a power system increases, the water flow gate has to open wider to meet the power demand. Once the water flow gate suddenly opens, the volume of the water flow will tend to increase which causes water pressure reduction, and the output mechanical power will decrease at first and then turn to increase. This effect is called "water hammer effect" [20] , [21] as shown in Fig.12 . 
Small Signal Stability Analysis
Small signal (or small disturbance) stability is the ability of a power system to maintain steady under small disturbances. The disturbances are considered sufficiently small for linearization of system equations to be permissible; this implies that the system operates in its linear region despite the perturbation.
The linearization of system DAE (15) is as follows:
Extracting ∆y from the second equation above and substiting it into the first one, then we obtain:
These equations just correspond to the linearization form of a system with input and output matrices A, B, C, D as:
The equilibrium points are calculated fromẋ
The eigenvalues λ i can be computed from the A matrix according to
A complex eigenvalue λ is represented by
The damping ratio describes the rate of decay the system oscillations after a disturbance. It is given by
and the frequency (which is called "pseudo-frequency" in the PSAT manual [15] ) that can be observed during the transient is
A lower damping ratio implies a lower decay rate, and influences the dynamic system behavior more than higher damping ratio. In this case, only two lowest damping modes are considered. Table 3 shows the small signal stability analysis results of the two lowest damping modes in SMIB system. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Linear and Nonlinear Model Validation Comparison
Linear models can be used to simplify power system analysis and allow control design. This section verifies the the linear model response to a step change at hydro turbine and governor's speed reference, and finds out how well the 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Implementation of Turbine and Governor Models in Large Power Systems
KTH-NORDIC32 System Introduction and Parameters in PSAT
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Transient Stability Analysis
A three-phase fault is applied at "BUS1011" at t=5 s and removed at t=5.02 s. The reason why the fault is set on this bus is to decrease the fault influence on critical generators, and at the same time so that the dominant power flow is not disturbed. This allows for a good comparison of the performances of the turbine and governor models implemented in this paper. Figures 16(a) Comparing these two simulations, we can easily find out that the system with Model 2 recovers to steady state faster than that with Model 3. Moreover, in the system with Model 3, there are oscillations with particular frequencies swing around a steady value "1", even when the system already gets back to steady state. In fact this is a normal and common phenomenon in large power system called system oscillations [23] , [24] , [25] .
It is difficult to identify the frequencies of system oscillations by looking at the time-domain simulation signals.
The fast Fourier transform (FFT) should be used to convert the time-domain signals into frequency domain, so that is possible to determine the particular frequencies in the signals. Making sure that the signal for FFT is from a fixed point time-domain simulation, and that the smaller time step is, the higher resolution it can be obtained. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 KTH-NORDIC32 including Model 3 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1-28 26 shown in Fig.16(a) . Similarly, Fig.18 indicates the frequencies of system oscillations and "turbine/governor dynamics". When hydro turbine and governor models are used, the related "turbine/governor dynamics" as shown in Fig.18 become more prominent, indicated by an increase energy of the related mode at about 0.05 Hz.
Even though the system with Model 2 behaves faster in response to the fault, we can not assert Model 3 is bad, because Model 3 represent the real behavior and properties of hydro turbine and governors, as we discussed in Sections 4.1 and 4.2.
Small Signal Stability Analysis
All eigenvalues for the KTH-NORDIC32 test system, either with Model 2 or Model 3, are located in the left half plane, which indicates that the systems are stable. The two lowest damping modes in the KTH-NORDIC32 system, as done for the SMIB system, are provided in Table 4 . Moreover, which states are most associated with these two eigenvalues can be directly figured out from the "Eigenvalue Report" in the "Eigenvalue Analysis" routine from PSAT.
Looking at these frequencies, they are just the system oscillation frequencies as computed in the FFT operation. This means the two lowest decay rate are just at the frequencies of system oscillations. It can therefore be asserted that the time-domain simulation results coincide with the small-signal stability analysis results, and thus, there is confidence of the implemented models for small-signal stability analysis. 
Conclusions
This paper presented four developed hydro turbine and governor models and implemented them in PSAT-a free and open source software. Moreover, detailed implementation steps are also provided. To evaluate models features, the performances of the implemented models in two power systems-a single-machine infinite-bus (SMIB) system, and the KTH-NORDIC 32 system were examined. The evaluation of a power system's performance is concerned with the stability of that system by analyzing transient stability and small signal stability. Model validation demonstrates 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
